A fly ash heap collapse occurred in Jupille (Liege, Belgium) in 1961. The subsequent flow of fly ash reached a surprisingly long runout and had catastrophic consequences. Its unprecedented degree of fluidization attracted scientific attention. As drillings and direct observations revealed no water-saturated zone at the base of the deposits, scientists assumed an air-fluidization mechanism, which appeared consistent with the properties of the material. In this paper, the air-fluidization assumption is tested based on two-dimensional numerical simulations. The numerical model has been developed so as to focus on the most prominent processes governing the flow, with parameters constrained by their physical interpretation. Results are compared to accurate field observations and are presented for different stages in the model enhancement, so as to provide a base for a discussion of the relative influence of pore pressure dissipation and pore pressure generation. These results show that the apparently high diffusion coefficient that characterizes the dissipation of air pore pressures is in fact sufficiently low for an important degree of fluidization to be maintained during a flow of hundreds of meters.
Introduction
Fly ash is a residue of the combustion of coal in thermal power plants. During decades, it used to be piled up onto heaps reaching heights of tens of meters. However, not enough attention was paid to the stability of these heaps (Bishop, 1973) . Because of insufficient compaction, absence of a drainage system, or inadequate site choice, several fly ash heaps collapsed in the past. Nowadays, several fly ash heaps still require careful monitoring as they threaten inhabited areas.
Predicting the spatial extent, depth of deposits, and propagation time of such sliding events is of particular relevance in a risk management perspective. For this purpose, numerical models can take advantage of the vast body of knowledge available in the field of landslide modeling. However, a catastrophic event of that kind, which took place in Jupille (Liege, Belgium) in 1961 and which has been carefully documented by contemporary authors (Albrecht et al., 1961; Calembert and Dantinne, 1964) , raise a still unresolved question: can the distinctive properties of fly ash (particles fineness, potential high porosity) promote a distinctive fluidization mechanism?
Over the past decades, several kinds of landslides have been described as being astonishingly mobile, such as sturzstrome (Hsü, 1975) and pyroclastic flows (Hayashi and Self, 1992) . Although questionable (Legros, 2002) , a widespread indicator of mobility for landslides is the ratio of fall height H CM to distance L CM travelled by the center of mass of their deposits. This ratio is compared to the friction angle of the material so as to highlight the degree of fluidization of the landslide. The decrease of the H CM /L CM ratio with the volume of the landslide is a well-established and universal trend that underlines a universal mechanism behind such different landslide events (Hayashi and Self, 1992; Legros, 2002) . Compared to data available in literature, the uniqueness of the fly ash flow in Jupille (1961) is emphasized by its low H CM /L CM ratio despite a relatively low volume of displaced material (as detailed in section 3). To our knowledge, it is the only accident of that type reported in scientific literature. As such, it provides a valuable and unique input to the scientific discussion on the mechanism of these mass movements.
Calembert and Dantinne's investigation of the fly ash heap collapse (Calembert and Dantinne, 1964 ) led them to assume that an air-fluidization mechanism was the reason for the high mobility of the flow in the absence of any water-saturated layer in its deposits. Bishop (1973) followed their interpretation. Nowadays, fluidization by air is no longer accepted as a general mechanism to explain the mobility of nonsaturated landslides (Legros, 2002) . However, it remains a relevant mechanism to explain the mobility of pyroclastic flows, i.e., flows of dense mixtures of volcanic gas and particles Roche, 2012) .
As Calembert and Dantinne (1964) have identified a possible process that could have triggered a relative motion between the fly ash particles and the important amount of interstitial air, we test here this air-fluidization assumption using a two-dimensional numerical model that aims at reproducing the location of the deposits following the Jupille 1961 fly ash heap collapse. Air-fluidization is postulated in the model and simulations have been conducted to verify whether the dynamic pore pressures can persist long enough to enable a flow of hundreds of meters. This paper starts with a comprehensive description of the accident (section 2) so that the available data can be used as a new benchmark to validate numerical models. The phenomenon is then discussed based on information from literature (section 3). Section 4 details the numerical model used to simulate the flow, while the results are presented and discussed in section 5. Finally, the conclusion emphasizes that the possibility of an airfluidization phenomenon should not be disregarded in risk analyses dealing with fly ash heap failures.
Case study
In the late 1950s, fly ash produced by a thermal power plant was heaped up at the head of a narrow valley in Jupille (Liege, Belgium). The heap reached a height of 29 m and extended over an area of 4 ha. On 3 February 1961, ~ one-third of the 600,000 tons of ash collapsed and flew on a distance of about 700 m within about a minute. The flow destroyed numerous houses and led to several casualties.
Descriptions of the heap and the deposits left by the flow, as well as measurements of the physical and mechanical properties of the material can be found in papers by Albrecht et al. (1961) and Calembert and Dantinne (1964) . The latter authors arrived first in the disaster area and performed a more thorough study.
Properties of fly ash
Fly ash takes the form of small spherical particles, some of them hollow. The fly ash piled up in Jupille had a well-sorted grading, with a mean diameter d 50 of 35 µm (Table 1) .
A key property of the heap material was its high porosity and, as a result, its low bulk density (1000 to 1600 kg/m³ - Table 2 ). Measurements of the density of the solid phase gave values of 2150 kg/m³ without grinding and 2600 kg/m³ after grinding. Thus, the grinding process revealed that the amount of air entrapped in the hollow particles represented 17% of the solid phase volume (Calembert and Dantinne, 1964) .
<insert Table 1 near here>  <insert Table 2 near here> The hydraulic conductivity of the heap material was found by Calembert and Dantinne (1964) to vary between 3.5 and 6.5 × 10 -6 m/s. These values give a permeability of about 5 × 10 -13 m².
The mechanical characteristics of the low-compacted, nonsaturated fly ash were a low friction angle, ranging from 17.1 to 22.5° with a mean of 20°, and an apparent cohesion caused by capillarity forces. The apparent cohesion seemed to be very high, as suggested by the surprisingly stable steep slopes of the remaining part of the heap. Apparent cohesion is, however, dependent on the water content and it vanishes when the ash is saturated.
Heap characteristics and site topography
The Jupille heap was an almost homogeneous mass of 607,535 tons of fly ash (Fig. 1 ). As the heap had been raised on a relatively impervious ground composed of an upper layer of loamy clay, a water table was present at its base. A drilling in the part of the heap that was not affected by the failure revealed a water-saturated layer 5 m above the ground (total height of the heap at the drilling: 20 m) (Calembert and Dantinne, 1964) . Calembert and Dantinne (1964) give precise topographic maps (scale of 1:1700; contour intervals of 2 m) of the natural topography below the heap, the heap surface before the collapse, and the heap surface after the collapse. Based on these high resolution data, an accurate digital elevation model (DEM) could be created with a kriging method: topographic data are distributed on a 1 × 1 m Cartesian grid (Fig. 1A) . Initial material heights were distributed on the same grid (Fig. 1B) . A third DEM was created, including the remaining part of the heap as part of the topography instead of the initial material heights (Fig. 1C) .
A topographic map covering the entire valley in which the flow occurred is not given by Calembert and Dantinne (1964) . Therefore, the DEM used here is based on current topographic data of this narrow and steep-sided valley with a mild-sloped thalweg (~ 3°). A protection embankment built after the collapse has been removed from the model (Fig. 2) . 
Collapse and post-failure deposits
The failure of the heap occurred in two phases, as sketched by the arrows in Fig. 2 : the initial collapse of the northern part of the heap was followed by a second and more important collapse. The first destabilized mass climbed the opposite slope of the secondary valley before sliding back to the thalweg; the second mass fell in the direction of the thalweg and followed its path. The flow ended in the main valley where it spread out and impacted several houses.
The difference between the DEMs in Figs. 1B and 1C indicates that the overall volume of displaced material was about 206,300 m³ (Calembert and Dantinne (1964) gave an estimation of 100,000 to 150,000 m³).
The contour of the deposits was mapped by Calembert and Dantinne (1964) based on aerial photography (Fig. 2 ). An interesting aerial photograph of the site 11 days after the accident can be found in Bishop (1973, Fig. 25a ).
In the secondary valley, the flow left thin deposits, ~ 20 to 30 m wide, bounded by 4-m-high lateral levees (Albrecht et al., 1961) . In the main valley, the deposits formed a lens, the thickness of which reached 10 m at its NW end. The lens was delimited by steep slopes, even at the places were the flow had not been stopped by houses. In the houses impacted by the flow, fly ash is reported to have filled each corner, even in the cellars (Calembert and Dantinne, 1964) .
The day after the collapse, drillings were made in the deposits in the secondary valley, at a distance of about 100 m from the heap. These drillings showed that there was no mud layer at the base of the deposits. At that time, the deposits in the main valley looked dry. Their water content was found to be equal to that in the upper part of the remaining heap. With a porosity of 0.587, this means a degree of saturation of about 64%. All these observations made by Calembert and Dantinne (1964) in relation with the water content in the deposits contrast with those of Albrecht et al. (1961) , who arrived two days later, at a time when the small stream flowing in the secondary valley had made its way through the deposits.
Specific surface measurements on samples from the deposits in the secondary valley revealed a graded bedding, in which larger particles covered finer ones (Calembert and Dantinne, 1964) . Calembert and Dantinne (1964) ascribed the failure of the fly ash heap to a rising water table caused by heavy rainfalls that occurred at the end of January 1961. They pointed out the contraction of the lower layer of loose ash as it became saturated with water. The porosity values given in Table 2 show that the nonsaturated ash contracts by 25% when it reaches the saturation point. Values from Albrecht et al. (1961) even suggest a contraction of 50%. This contraction implied the creation of cavities in the body of the heap. The upper, nonsaturated part of the heap thus lost its base and fell down. Calembert and Dantinne (1964) highlighted the important volume of air contained in the heap at the time when this falling occurred: in the upper, nonsaturated part, air occupied more than one third of the volume (Table 2 ). Based on this observation, Calembert and Dantinne (1964) suggested that, as ash particles fell, their permanent contact network was lost and they were left in suspension. These authors therefore compared the flow to a density current and suggested that the ash that reached the main valley was the ash that initially belonged to the upper part of the heap.
Interpretation

Discussion on fluidization
Mobility of the flow
The mobility of a landslide is generally described by the ratio of the fall height H CM of the center of mass to its runout L CM . For the Jupille fly ash flow, these values can be estimated at H CM = 45 m and L CM = 500 m (Fig. 2) . This gives an H CM /L CM ratio of 0.09. In literature, the H CM /L CM ratio is often approximated by the ratio of the maximum fall height H max to the runout distance of the flow L max . For the Jupille fly ash flow, the H max /L max ratio is 0.07.
Several authors have gathered data for different types of landslides and they have evidenced that the H max /L max ratio decreases when the volume of the displaced material increases. Several regression formulae have been proposed to predict H max /L max as a function of the volume of the material. Table 3 provides the H max /L max ratios given by these regression formulae for the 206,300 m³ volume of the Jupille fly ash flow. Only submarine landslides display H max /L max ratios as low as the 0.09 value observed in Jupille. All other categories of landslides are much less mobile at such low volumes. This confirms the very unique and distinctive behavior of the Jupille fly ash flow.
It has been argued that the runout L max instead of the H max /L max ratio is a function of the volume of the landslide and that H max only adds scatter to the data (Legros, 2002) . If the runout L max is assumed not to depend on the fall height H max , then the 700-m runout of the Jupille fly ash flow is no more an outlier (Table 3) . However, the formulae used in Table 3 are based on landslides with fall heights generally larger than several hundreds of meters.
<insert Table 3 near here> Calembert and Dantinne (1964) rejected the assumption of a water-fluidized flow because they could not find any water-saturated layer at the base of the deposits. A crude calculation of the degree of fluidization of the flow shows that the thickness of such a layer would be substantial, as shown below.
Mean degree of fluidization of the flow
A simple Coulomb slide-block model shows that the H CM /L CM ratio gives an estimate of the apparent friction coefficient at the base of a landslide (Iverson, 2003b ):
For the Jupille fly-ash flow, the H CM /L CM ratio of 0.09 corresponds to an apparent friction angle φ app = 5.1°. The physical meaning of this parameter is questionable for large flows, in which spreading, more than sliding, accounts for the runout distance (Staron and Lajeunesse, 2009 ). The 206,300 m³ volume of displaced material in the case study is however below the threshold of 10 6 m³, above which spreading effects dominate (Davies, 1982; Iverson, 2003b) .
Equation (1) neglects the cohesion of the material involved in the landslide. Even if there is a lack of studies on this subject, we assume a breakdown of the apparent cohesion of fly ash by vibrations at the onset of the flow (Calembert and Dantinne, 1964; Geldart, 1973; Iverson, 1997) . The very low H CM /L CM ratio supports this assumption.
If a water-fluidization process is postulated, the low value of the apparent friction angle, as compared to the friction angle of the material φ = 20°, would be explained by a reduction in the normal stresses σ b caused by basal pore pressures p b :
With φ app = 5.1° and φ = 20°, the degree of fluidization p b /σ b would be equal to 0.75. If the flow was saturated over a depth h w , the basal pore pressure could be expressed by p b = αρ w gh w , in which α would be the ratio of dynamic to hydrostatic pressures. Iverson et al. (2010) observed values of α of about 2 in large-scale water-saturated debris flow experiments. The total stress σ b is given by ρgh, with ρ the bulk density and h the flow height (see section 4.2). Thus, a degree of fluidization of 0.75 requires a saturated depth of about 30% of the flow height, which is quite substantial. However, α values higher than 2 could be expected for flows of particles as fine as fly ash.
Diffusion of air pore pressures
The assumed heap undermining by a rising water table that led huge volumes of ash fall onto an important layer of air is an air-fluidization process that shares similarities with experiments by Roche et al. (2008 Roche et al. ( , 2010 and Roche (2012) .
In these experiments, small glass beads were piled up in a horizontal channel closed by a gate, and they were fluidized by a vertical air influx at the base of the reservoir. The gate was then suddenly opened, so as to let the particles flow to the channel, and the air influx was stopped at the same time. The resulting flow was a dense flow with a runout distance twice as long as the runout distance without initial fluidization. Thus, these experiments suggest that the assumption of a density current is not necessary to explain the high mobility of air-fluidized particles.
Records of free surface profiles, particle velocities, and basal pore pressures were made during the air-fluidization experiments. The results showed that initially fluidized particles behave like an inviscid fluid for most of their propagation, which means that energy dissipation is really low (Roche et al., 2008) . Pore pressure measurements showed that dynamic pore pressures persist in the flowing mass. In nonfluidized masses, a light selffluidization phenomenon is even observed .
The air-fluidization results of Roche et al. (2010) can be transposed to Jupille fly ash flow as, according to a classification by Geldart (1973) based on particles size and density, the fly ash particles of diameters in-between 20 and 100 µm belong to the same class (so called 'group A') as the glass beads used in the air-fluidization experiments. This class of particles represents ~ 60% of the mass of fly ash involved in the Jupille flow. Fluidization of group A particles is homogenous (no channelization; no bubbles at the minimum fluidization influx). This would not generally be the case for cohesive particles, but Geldart (1973) reported that stirrers can break the effects of cohesion. The agitation induced by the failure of a fly ash heap is likely to have a similar effect on the apparent cohesion of the particles. The airfluidization experiments are of high relevance for the case study because, as demonstrated hereafter, this process enables us to explain the observations reported by Calembert and Dantinne (1964) by means of a more acceptable mechanism than a density current. Montserrat et al. (2012) showed that the pore pressure evolution at the base of a static column of initially fluidized particles can be modeled with a one-dimensional vertical diffusion equation and two boundary conditions:
In this equation, p is the pore pressure (Pa), t, the time (s), z, the vertical coordinate (m), h, the material height (m), D, the diffusion coefficient (m²/s), γ, the permeability compliance (Pa -1 ) and c f , the compressibility of air (Pa -1 ). The diffusion coefficient is defined as
where k is the permeability of the material (m²), µ, the viscosity of air (Pa s), n f , the porosity (-), and c n the porosity compressibility (Pa -1 ).
A dimensional analysis shows that the last term in Eq. (3) can be neglected for thin layers of particles (Montserrat et al., 2012) , which is the case in the experiments (heights < 40 cm). Moreover, c n can be neglected when the mixture is not expanded by the fluidization process (which is the case for fluidization rates up to ~ 90%). Montserrat et al. (2012) , as well as Roche (2012) , computed linear diffusion coefficients by fitting numerical or analytical solutions of Eq. (3) (without the quadratic term) on experimental results. They found values of the order of 10 -2 m²/s. These values increased with the height of the initially fluidized column.
<insert Table 4 near here>
In order to verify whether the diffusion coefficients found by Montserrat et al. (2012) and Roche (2012) can be transposed to the Jupille fly ash flow, characteristics of both materials are compared in Table 3 . The permeability of fly ash is 22 times lower and its porosity 1.6 times higher than for glass beads. Equation (5) then suggests that the diffusion coefficient of fly ash is 35 times lower than for glass beads. However, an important difference between the case study and the experiments arises from the material heights, which are about 2 orders of magnitude higher in the first case. This means that the pressure necessary to fluidize the material is accordingly higher. This has an impact on the diffusion coefficient through the compressibility of air, c f , which can be approximated as the inverse of the pressure. In the end, the diffusion coefficient expected in the case study is ~ 2-3 times higher than in the airfluidization experiments.
Mathematical and numerical model
Shallow flow description
The modeling of flows at the earth surface can take advantage of the existence of a main direction of propagation and make use of the so-called 'shallow flow description' of mass and momentum conservation. Such an approach is generally considered as state-of-the-art (Iverson, 1997) , even if simpler approaches (such as the kinematic wave model) perform surprisingly better in some cases (Ancey et al., 2012) .
Like natural landslides and debris flows, fly ash flows are mixtures of several phases (solid particles, water, and air) whose interactions give the flows their distinctive features. They should therefore not be modeled as a single-phase medium with an intrinsic rheology but their modeling should include equations for the evolution of each phase (Iverson, 2003a) . This can be achieved either based on the 'mixture theory', which uses a simplified equation for the fluid-phase evolution, or with the 'phase averaged theory', which writes down mass and momentum equations for each phase (Pitman and Le, 2005) . Here, the first approach is followed. The model reproduces the prevailing phenomena governing the flow, i.e., the reduction of the shear resistance by pore pressures and the vertical diffusion of these pressures. No liquid phase is modeled.
The set of equations is made up of mass and momentum conservation of the mixture and basal pore pressure evolution (Iverson and Denlinger, 2001 ). They are written in a horizontal reference frame: 
In these equations, the independent variables are the time t (s), the spatial coordinates in the horizontal plane x and y (m), and the vertical coordinate z (m). The primitive unknowns are the flow depth h (m), the flow velocities u x and u y (m/s), and the basal pore pressure p (Pa). The bulk density ρ (kg/m³) and the diffusion coefficient D (m²/s) are constant parameters; z b (m) stands for the topography, which is fixed. The normal stresses σ xx and σ yy (defined as positive in compression) and the shear stresses τ xy , τ xz , and τ xy must be expressed as functions of the four primitive unknowns so as to close the set of equations. Normal stresses must be seen as total stresses (Iverson, 1997) . Variables with a bar are depth-averaged variables; subscripts b denote local variables at the bottom of the flow.
Equation (6) assumes that the mixture is incompressible. Montserrat et al. (2012) observed mixture expansions only for degrees of fluidization higher than ~ 90%.
The flow velocities are supposed to be uniform over the flow depth. This is correct at the fronts of air-fluidized flows, where the flow is plug-like, but not in their bodies, where pronounced velocity gradients and a static basal layer are observed (Girolami et al., 2010) .
Stresses and stress gradients
Expressions of the stresses in Eq. (6) classically take advantage of the z-momentum equation and the shallowness of the flow, which underline the 'hydrostatic' distribution of the mean stress within the flow (Savage and Hutter, 1989) . A dimensional analysis of the x-and ymomentum equations also shows that the basal stresses σ zz,b , τ xz,b , and τ yz,b prevail over the internal stress gradients; the normal stress gradients should, however, be kept for a proper modeling of nonuniform flows (Savage and Hutter, 1989) . Therefore, we assume
In dense granular flows, basal shear stresses are proportional to the normal stress (GDR MiDi, 2004; Forterre and Pouliquen, 2008) . This proportionality holds when an interstitial fluid is present, provided that the pore pressure p is subtracted from the total normal stress (Cassar et al., 2005) . The friction coefficient increases with the shear rate experienced by the flow, but this dependence is negligible in the case study owing to important flow depths and small particle sizes; the friction coefficient is thus taken as the tangent of the static friction angle φ. The shear stress is assumed to be aligned with the depth-averaged flow velocity: 
Pore pressures evolution
The pore pressure evolution equation in (6) is a local continuity equation in which two processes are considered (Iverson and Denlinger, 2001 ):
 diffusion, occurring in the z direction; and  passive convection, prevailing over diffusion in the x and y directions.
A derivation of the diffusive term for the case of air can be found in Montserrat et al. (2012) . The quadratic term from Eq. (3) can be dropped because of the impermeability condition (4).
The evaluation of the diffusive term would normally require a computation of the whole pressure field over the flow depth (e.g., Iverson and Denlinger, 2001; Roche, 2012) . To avoid the difficulties linked with such a computation (definition of an initial distribution), we approximated the second spatial derivative by the best finite difference expression consistent with the boundary conditions (4). The pore pressure evolution equation then reads (Iverson et al., 2010) 
The diffusion term in Eq. (9) displays a very interesting behavior: pore pressures are dissipated more rapidly in areas where the flow depth h is low, i.e., at the margins of the flow. This feature is shared by other formulations of the vertical diffusion model (Iverson and Denlinger, 2001 ). Such a model induces a spatial distribution of the resistance to flow, which has been identified by many authors as a fundamental feature of water-or air-fluidized granular flows (Iverson, 2005; Ancey, 2007; Girolami et al., 2010 ) and appears to be of importance for the Jupille fly ash flow (lateral levees, steep flow front). Even nonfluidized granular flows display such a behavior, because of the dependence of the friction coefficient on the shear rate (Félix and Thomas, 2004; Mangeney et al., 2007) . However, as this dependence has been identified as negligible in the present case study, pore pressure effects are thought to prevail.
Numerical model
Numerical modelling of the flow was performed with an adapted version of the academic hydraulic model WOLF 2D, developed at the University of Liege. A detailed description of the initial model was provided by Dewals et al. (2008) and Erpicum et al. (2010b) .
The model solves Eq. (6) using a Cartesian grid and a second-order accurate finite volume scheme. The fluxes are computed by a self-developed flux vector splitting, which is Froudeindependent and well-balanced with respect to the pressure and bottom slope terms (Erpicum et al., 2010b) . The time integration is performed by means of a three-step Runge-Kutta algorithm, and a semi-implicit treatment of the bottom friction term is used. The time step is adaptive and computed based on the Courant-Friedrichs-Lewy (CFL) stability criterion, with a CFL number equal to 0.5. It takes values of the order of 10 -3 -10 -2 s. This finite volume model has already proven its validity and efficiency for the analysis of natural and artificial floods (Ernst et al., 2010; Erpicum et al., 2010a; Dewals et al., 2011) , as well as numerous other applications including complex turbulent flows (Dewals et al., 2008; Erpicum et al., 2009; Roger et al., 2009; Dufresne et al., 2011) .
Results
The numerical results are presented in three steps so as to highlight the influence of pore pressure generation and dissipation (Table 5 ). In step 1, instantaneous fluidization is assumed and no diffusion phenomenon is considered: the degree of fluidization is uniform and remains constant during the flow. In step 2, the diffusion of pore pressures is taken into account: this induces a progressive decrease in the degree of fluidization that becomes nonuniform during the propagation of the flow. In step 3, progressive fluidization is considered: the failuretriggering degree of fluidization is not reached in the whole heap at the same time.
The assessment of the accuracy of the results is based on two features of the final deposits: the area they cover and their morphology. The runout area is compared to the reference displayed in Fig. 2 . The deposit depths could be compared to the approximate values given in section 2.3, but a comparison based on the location of the center of mass gives a more synthetic overview of the depth distribution. The reference location of the center of mass displayed in Fig. 2 is obtained by assuming a mean deposit depth of 3 m in the secondary valley and a mean deposit depth of 7 m in the main valley. This simple assumption is consistent with the volume of displaced material given in section 2.3.
<insert Table 5 near here>
Results with a uniform and constant degree of fluidization
In a first step, the whole mass of the material situated above the failure surface displayed in Fig. 1C is assumed to be instantaneously fluidized and no pore pressure dissipation is taken into account during the subsequent flow. A degree of fluidization of 75% is postulated (Table  5) in accordance with section 3.2. Results are displayed in Fig. 3A and 4. The runout distance is largely overestimated. However, the distance travelled by the center of mass is underestimated by more than 200 m because most of the material stops in the secondary valley and does not reach the main valley. These results are in contradiction with the observations reported in section 2.3. They underline that the mobility of the actual flow cannot be reached with a model that neglects pore pressure dissipation.
Influence of pore pressure dissipation
In a second step, vertical diffusion is included in the simulations. Fig. 3 displays the results obtained starting with a completely fluidized material (Table 5 ). The diffusion coefficient D = 0.25 m²/s is taken one order of magnitude higher than the diffusion coefficients in smallscale laboratory tests, but it remains an acceptable value given the complex pore pressure dissipation mechanisms that take place in such a large-scale flow. The simulation highlights that despite the high diffusion coefficient (with water in place of air, the diffusion coefficient would be ~ 1000 times lower), the diffusion phenomenon is still sufficiently slow for pore pressures to be kept high enough during a flow of hundreds of meters.
Results are displayed in Fig. 3B and 4 . Even if the runout distance is now underestimated, the final center of mass lies closer to its estimated reference location than in step 1. The ratio of the distance travelled by the center of mass to the distance travelled by the flow front is thus increased. An important part of the fly ash mass now reaches the larger valley. The longitudinal section displayed in Fig. 4 shows that this mass has a steep front. This is induced by the spatial distribution of the resistance to flow induced by the diffusion model (section 4.3) and is in accordance with observations. The result of step 2 shares another similarity with the observed deposit's morphology: the presence of lateral levees (Fig. 3B ).
<insert Fig. 3 near here> <insert Fig. 4 near here> An important difference between numerical results and observations is the runout area in the vicinity of the heap. The assumption of an instantaneous fluidization leads to an initially widespread flow as compared to the relatively concentrated flow observed in reality. There is thus a waste of momentum in this region because, in the simulations, an important mass rushes in a wrong direction before being redirected by the topography of the valley.
Step 3, in which the collapse is progressive, improves this aspect.
Influence of pore pressure generation
In a last step, the progressive nature of the failure is taken into account. For this purpose, a distinction is made between a nonfluidized and a fluidized state. In the first state, no pore pressures are taken into account in the basal friction terms and a specific cohesion of c/ρ = 200 m²/s² is added to Eq. (8) so that the entire heap is stable. In the fluidized state, pore pressures are initiated and the cohesion of the material disappears. The time at which the initially stable material becomes fluidized is prescribed a priori, as shown in Fig. 5 . The spatial distribution used for the time of failure enables us to reproduce the two phases of the failure, as shown in Fig. 2 . Note that in a risk analysis, the time of failure is not known, but the method followed here can be replaced by a method based on a dynamic threshold to account for a progressive failure. This has an impact on the overall runout distance and on the amount of fly ash that piles up in the main valley. Even if the flow duration is longer with a progressive collapse (78 s instead of 57 s in step 2), the vertical diffusion process is still low enough to ensure a sufficient degree of fluidization during propagation. This is shown in Fig.  6 , which compares the degree of fluidization after 60 s for steps 1 to 3. This figure also shows the preferential decrease of pore pressure at the margins of the flow, as explained in section 4.3.
Conclusion
The fly ash heap collapse that occurred in Jupille in 1961 developed into a highly fluidized flow. Based on field evidence, Calembert and Dantinne (1964) suggested that, instead of water, interstitial air played a key role in the fluidization process. Air-fluidization theories proposed in the 1960s and 1970s have since been rejected in the field of landslide modeling and air is generally considered to play only a secondary role (Legros, 2002) . However, in the Jupille case study, the identified failure mechanism and the properties of the material support the assumption of an air-fluidized flow. The initial collapse phase was a downfall of the upper, nonsaturated layer of the heap onto its undermined base, followed by a diffusion of the resulting pore pressures through the mass of fly ash. In this paper, this assumed failure mechanism was tested using a 2D numerical model focusing on the most prominent processes governing the flow. The aim was to verify whether an air-fluidization theory was consistent with field observations.
Based on the analysis of observed data, we first underlined the high degree of fluidization of the flow. Then, assuming that the high degree of fluidization resulted from the compression of the interstitial air, numerical results have shown that, even if a high diffusion coefficient is used, an important degree of fluidization can be maintained inside the flow during most of its propagation. Progressive enhancements of the model as regards pore pressure generation and dissipation showed that these phenomena are critical to reproduce the field observations: they increased the mobility of the computed flow and led to deposits displaying the same morphological characteristics observed in reality (steep front, lateral levees). Although further enhancements are needed to accurately reproduce the lateral spreading in the secondary valley, these results confirm the overall agreement between field data and numerical predictions based on the assumption of air fluidization. Further developments can take advantage of the description of the available data of the Jupille fly ash flow presented in this paper. Tables   Table 1 Fly ash grading. Percentages are on a mass basis. Measurements were performed on four probes taken from the remaining part of the heap at depths varying between 0.6 and 2.3 m. Minimum and maximum values are obtained from the deepest and shallowest probes, respectively. Data source: Calembert and Dantinne (1964 Table 4 Comparison between characteristics of the material used in air-fluidization experiments (Roche, 2012) and the material involved in the Jupille case study (Calembert and Dantinne, 1964) . 5 -30 Table 5 Assumptions and parameters used for numerical simulations.
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